The genus Oenothera has an outstanding scientific tradition. It has been a model for studying aspects of chromosome evolution and speciation, including the impact of plastid nuclear co-evolution. A large collection of strains analyzed during a century of experimental work and unique genetic possibilities allow the exchange of genetically definable plastids, individual or multiple chromosomes, and/or entire haploid genomes (Renner complexes) between species. However, molecular genetic approaches for the genus are largely lacking. In this study, we describe the development of efficient PCR-based marker systems for both the nuclear genome and the plastome. They allow distinguishing individual chromosomes, Renner complexes, plastomes, and subplastomes. We demonstrate their application by monitoring interspecific exchanges of genomes, chromosome pairs, and/or plastids during crossing programs, e.g., to produce plastome-genome incompatible hybrids. Using an appropriate partial permanent translocation heterozygous hybrid, linkage group 7 of the molecular map could be assigned to chromosome 9Á8 of the classical Oenothera map. Finally, we provide the first direct molecular evidence that homologous recombination and free segregation of chromosomes in permanent translocation heterozygous strains is suppressed.
T HE genus Oenothera (evening primrose) has an outstanding tradition in genetics, summarized in Burnham (1962) , Cleland (1972) , and Harte (1994) . It has been under study for more than a century and is a classical example for hybrid variegation (Kirk and TilneyBassett 1978) , biparental transmission of plastids (Hagemann 2004) , and partial or complete permanent translocation heterozygosity in plants (Holsinger and Ellstrand 1984; Levin 2002; Golczyk et al. 2005) . Fundamental findings, namely the rediscovery of the Mendelian rules (De Vries 1900) , the independence of plastids as inheritable elements (Renner 1924 (Renner , 1934 (Renner , 1936 , the first description of polyploidy (Lutz 1907) , and the mutation theory (de Vries 1901 (de Vries -1903 were made on Oenothera. There is also commercial interest in the material, since seeds of Oenothera species contain high amounts of g-linolenic acid. This essential fatty acid is used as a food supply and in medical applications (Barre 2001; Stonemetz 2008) . Furthermore, Oenothera tissue culture has been applied for industrial production of pharmaceutically active secondary metabolites (Taniguchiet al. 2002) . Consequently, the genus is of interest for commercial breeding and crop improvement by genetic manipulation (De Gyves et al. 2004; Fieldsend 2007) .
As no other currently available model, the genus Oenothera allows studying speciation processes, including nuclear organelle co-evolution (Stubbe 1964 (Stubbe , 1989 Cleland 1972) . Plant genomes are the result of three tightly co-adapted genetic compartments (Herrmann 1997; Herrmann et al. 2003) . This becomes obvious, for example, after an exchange of plastids and nuclei. Even between closely related species such an exchange often leads to serious developmental disturbances, socalled interspecific plastome-genome incompatibilities (PGI), characterized by plastid-nuclear disharmony. The impaired cooperation between the two cellular genetic compartments results from the novel combination of foreign plastid and nuclear genes that are not co-adapted (Herrmann et al. 2003; Levin 2003; SchmitzLinneweber et al. 2005) . Therefore, if PGI acts as a hybridization barrier, it appears as an important element for reproductive isolation, which represents a special case of the Dobzhansky-Muller model (Dobzhansky 1937; Turelli and Moyle 2007) .
The unique position of Oenothera in addressing the role of compartmental co-evolution in speciation processes basically rests on two aspects: a favorable combination of genetic features and the existence of a well-developed taxonomy, cytogenetics, and formal genetics for the genus (Cleland 1972; Harte 1994; Dietrich et al. 1997) . The genetic features include the possibility of wide interspecific crossing, biparental transmission of organelles, fertility of plastome-genome hybrids, and a system of balanced lethal factors, self-incompatibility, selective fertilization, or pollen tube competition in combination with reciprocal translocations of entire chromosome arms, resulting in partial or complete permanent translocation heterozygosity (Burnham 1962; Cleland 1972; Stubbe 1989; Harte 1994; Levin 2002) . These features are relatively common throughout the eukaryotic domain, but their combination in Oenothera is unique. Taken together, they allow the exchange of plastids, of individual or multiple chromosome pairs, or even of entire haploid genomes between species, and the production of plastome-genome incompatible plants. In subsection Oenothera, the best studied of all subsections, this possibility led to the identification of five basic, genetically distinguishable plastomes (I-V) that are associated with three haploid nuclear genomes (A, B, and C), occurring in homozygous (AA, BB, CC) or stable heterozygous combinations (AB, BC, AC) (Stubbe 1959) . Overall, .300 genetically and taxonomically analyzed as well as morphologically well discernible strains are known from this subsection (Stubbe and Diers 1958; Linder and Jean 1969; Cleland 1972; Jean and Linder 1979; Stubbe 1984, 1986; Wasmund and Stubbe 1986; Wasmund 1980 Wasmund , 1990 Schumacher et al. 1992; Schumacher and Steiner 1993) , illustrating the enormous potential of the genus for comparative studies of speciation and prespeciation processes (Cleland 1972; Stubbe 1989; Harte 1994; Dietrich et al. 1997) .
This communication is part of a more comprehensive project to establish Oenothera as a molecular model, to investigate the impact of plastids in speciation, and to study unique aspects of nuclear genome evolution and epigenetics found in the genus (Cleland 1972; Harte 1994) . Application of molecular approaches will also improve commercial breeding programs. So far, we have established various experimental approaches for the genus, notably protoplast and tissue culture, nuclear transformation (Stubbe and Herrmann 1982; Kuchuk et al. 1998; Mehra-Palta et al. 1998) , the construction and application of an expressed sequence tag (EST) library (Mráček et al. 2006) , and the sequences of the five basic plastome types as well as their analysis (Greiner et al. 2008a,b) .
However, molecular markers are rare and not yet available for a large variety of strains and species (Mráček et al. 2006; Larson et al. 2008) . Until now, predominantly phenotypic markers for the plastome and the nucleus were employed in Oenothera breeding (Cleland 1972, pp. 109-111; Stubbe 1989) . In this report, we describe the development of molecular marker systems for entire haploid genomes, single chromosomes and plastomes, notably amplified fragment length polymorphisms (AFLP), simple sequence length polymorphisms (SSLP), and cleaved amplified polymorphic sequences (CAPS). These molecular markers bypass the limitations of phenotypic markers with regard to resolution and traceability. As documented with various crossing experiments, they enable the use of molecular approaches for the sophisticated Oenothera genetics.
A SHORT INTRODUCTION TO OENOTHERA GENETICS
Although work on Oenothera was pioneering for the development of formal and evolutionary genetics, astonishingly it has received little attention in recent textbooks and in the current mainstream speciation literature, presumably since molecular approaches were largely missing. We therefore provide an outline of some basic aspects of Oenothera genetics that recalls and illustrates the enormous potential of the model and is relevant to understanding the work presented here. Readers familiar with Oenothera genetics may disregard this outline. For details of Oenothera genetics, also see reviews of Burnham (1962) , Cleland (1972) , Stubbe (1989) , Harte (1994) , and Levin (2002) .
Preservation of structural heterozygosity: The genetics of Oenothera is a genetics of entire haploid genomes (Renner complexes) , which inherit as single units and are entitled with names such as h johansen, G albicans, or G flavens (for terminology, see materials and methods). All loci of a Renner complex are in linkage disequilibrium. How these superlinkage groups assemble is developed below.
Oenothera is a diploid organism with seven chromosome pairs (2n ¼ 14). However, in Oenothera genetics it is useful to not number chromosomes but to number chromosome arms. For example, chromosome I consists of arms 1Á2, chromosome II of arms 3Á4, and so on, up to chromosome VII with arms 13Á14. A reciprocal exchange of chromosome arms leads to an altered, socalled segmental arrangement or chromosome formula of a haploid complex. For example, the arms of chromosomes 1Á2 and 3Á4 can display three different segmental arrangements, including 1Á4 3Á2 and 1Á3 2Á4. Within a Renner complex, all 14 chromosome arms are involved in this process. In general, reciprocal translocations within a given Renner complex are rare, comparable to spontaneous mutations.
A strain harboring two Renner complexes with identical chromosomal arrangements is a homozygous or bivalent forming strain with seven chromosome pairs in meiosis. Oenothera elata subsp. hookeri strain johansen with the Renner complex combination h johansenÁ h johansen can serve as an example. In principle, diakinesis and meiotic segregation in that strain looks identical to that of any other diploid organism (Figure 1, A-C (14) . The remaining chromosomes, namely 5Á6 7Á10 9Á8 11Á12 and 13Á14, still pair as bivalents. The hybrid then possesses the chromosome configuration 14, 5 pairs (Figure 1, D-F) . In strains where reciprocal translocations include more chromosomes, larger and/or more rings will appear in meiosis, depending on the translocation pattern, e.g., 16, 14, 2 pairs. If at least one free bivalent is being formed, the situation is designated as partial permanent translocation heterozygosity. However, reciprocal translocations may encompass the entire chromosome complement. In this case, none of the chromosomes can pair as a bivalent or is located in a small ring, and the two Renner complexes assemble in a single ring of 14 (114) incorporating all chromosomes. This pattern is designated terminal or complete permanent translocation heterozygosity. An example is found in Oe. biennis strain suaveolens Grado with the Renner complexes G albicans and G flavens (Figure 1 , G-I). The chromosome configuration, i.e., the number and size of rings and bivalents in diakinesis of a strain or hybrid, can be predicted if the segmental arrangement of chromosome arms, the chromosomal formula, for the complexes involved is known (Figure 1) .
Rings of chromosomes in diakinesis have consequences for inheritance, since they change linkage equilibrium. Each ring or free chromosome pair constitutes a single linkage group. For example, a hybrid with the chromosome configuration 16, 14, 2 pairs displays four linkage groups. Two linkage groups are represented by the free, bivalent-forming chromosomes and two by the ring of six and ring of four chromosomes, respectively. A hybrid with the chromosome configuration of 7 pairs, in turn, displays seven linkage groups, one for each chromosome. If chromosomes assemble in a ring of 14 chromosomes, only a single linkage group is found, involving the entire chromosome complement of both haploid genomes.
Exchange of plastids between species: The occurrence of just one superlinkage group results in the genetics of complete permanent translocation heterozygosity. Figure 2 illustrates the maintenance of the complete permanent translocation heterozygote Oe. biennis strain suaveolens Grado. Its meiotic ring, which contains the Renner complexes G albicans and . Bivalents are labeled with roman numbers (I-VII), single chromosomes in rings with a combination of roman numbers and letters (Ia, Ib-VIIa, VIIb); so far, chromosome identity cannot be assigned directly in Oenothera. Identity of bivalent 9Á8 in K was assigned indirectly since it was deduced from the chromosomal formulas of the Renner complexes involved and thus represents the free pair of with the chromosome configuration 114, mentioned above, is considered to prevent free segregation of chromosomes and practically homologous recombination. Consequently, the G albicans is therefore designated the a-complex or egg cell complex. In the case considered, the b-complex G flavens is inherited biparentally via egg and pollen (#$) and is designated the pollen complex. However, sporophytic lethal factors prevent the occurrence of G flavensÁ G flavens homozygotes in the offspring of Oe. biennis strain suaveolens Grado. Consequently, the F 1 generation is identical to the parental generation without segregation of traits, since chromosomes separate as a set without intermixing. Comparable to apomixis, a clone is produced. Species obeying this pattern are designated as true breeding species.
Knowledge about chromosomal formulas and lethal factors along with biparental transmission of plastids offer the possibility of exchanging plastids and/or single pairs or sets of chromosomes between Oenothera species. Figure 3 illustrates such an exchange of plastids and haploid genomes between species via sexual crosses in just two generations. In the chosen example, a complete permanent translocation heterozygous hybrid AB associated with plastome I as seed parent is crossed with the homozygote CC-II. [We have chosen this example for simplicity, although the combinations AC-I, CC-I, and CC-II are incompatible and barley viable. In the experiment they have to be nurtured with additional compatible plastomes, e.g., by AC-I/IV, CC-I/VI, and CC-II/IV (Stubbe 1960 ).] The homozygous Renner complex C lacks gametophytic or sporophytic lethal factors and self-incompatibility alleles. It forms seven bivalents in meiosis. In a cross between AB and CC, only the hybrid AC occurs in F 1 , since complex B cannot be inherited paternally as its pollen is abortive. The chromosomal formulas of the A and C complexes were chosen in a way that hybrid AC assembles a meiotic ring of 14 chromosomes. This meiotic configuration thus allows ready exchange of plastids. Due to biparental plastid inheritance, the F 1 generation carries two plastome types, namely plastomes I and II. Somatic segregation of the two plastome types leads to sorting out of plastids ( Figure  4A ), resulting in flowers on a plant carrying exclusively plastome I (or plastome II, respectively). Selfing of appropriate flowers ensures that only plastome I is inherited to the next generation. However, in F 2 the nuclear genome splits into the progenies CC-I and AC-I. In the chosen example, complex A is exclusively inherited by the egg cell, which prevents the generation of AA homozygotes in the offspring, but, as described above, complex C lacks gametophytic or sporophytic lethal factors. Since the ring of 14 chromosomes should inhibit free segregation of individual chromosomes and practically homologous recombination between haploid genomes in the hybrid AC, the coding potential of the A and C genomes is not mixed and a seemingly unchanged, homozygous CC genotype, now associated with plastome I, occurs in F 2 . With this breeding strategy, plastids as well as entire haploid genomes were exchanged. Starting in the parental generation with the heterozygous hybrid AB-I and the homozygous combination CC-II, crossing end products in F 2 are the new combinations AC-I and CC-I (Figure 3 ).
MATERIALS AND METHODS
Plant material: Genetic constitution and corresponding references for Oenothera strains used in this work are listed in supplemental Table 1 . For a detailed taxonomy, see Dietrich et al. (1997) and Dietrich (1977) .
Terminology of Renner complexes: Several superscripts are used in this work to specify the source or genetic behavior of distinct Renner complexes. Throughout the literature lethalfactor-free Renner complexes are commonly designated haplo-complexes or haploid-complexes, characterized by the superscript ''h,'' e.g., h johansen. Additional superscripts are employed to further specify the source of a given Renner complex. Following the terminology suggested by Renner (1917 Renner ( , 1956 , Oenothera strains and species can be described by their Renner complexes, e.g., Oe. biennis (albicansÁrubens) or Oe. suaveolens (albicansÁflavens). Refined genetic analysis made it necessary to distinguish Renner complexes of the same kind from different sources, e.g., albicans Grado and albicans Standard (Stubbe 1953) . Since additions such as ''Grado'' or ''Standard'' interfere with the notation, they were abbreviated with ''G'' or ''St'' and used as superscripts-
G albicans or
St albicans in this example. This designation, originally developed by Stubbe (1960) , was adapted to all Renner complexes with Latin names, since different haplotypes can be recognized in nature for all of them and molecular analysis allows their discrimination. Abbreviations describing sources of different Renner complexes used in the text are St, Standard; G, Grado; S, Sweden; and Th, Thorn.
Field growth and crossing experiments: To grow Oenothera in the experimental field, seeds were sown in January, choked at the two-leaf to four-leaf state in trays of 54 seedlings, and kept in a greenhouse until end of April. After 1 or 2 weeks of hardening, rosettes were planted outside. Flowering of evening primroses started during summer. A few strains such as pupurata, douthat 1, or biennis Mü nchen behave biennially, depending on seasonal variations.
Strains of Oe. grandiflora were short-day treated to induce early flowering in the season. This treatment, performed in a -Lutescent phenotype and somatic segregation of two plastome types in the F 1 generation of a cross between Oe. elata subsp. hookeri strain johansen (AA-I) and Oe. grandiflora strain tuscaloosa (BB-III), resulting in so-called hybrid variegation (A). Variegated tissue is generated if plastomes are inherited by both sexes and only one of the plastomes is incompatible with the nuclear genome. Separation of the two tissue types differing in their plastid genome results from the statistical process of sorting out, i.e., the random segregation of the two plastid types during cell divisions (Kirk and Tilney-Bassett 1978; Birky 2001) . Incompatible and green tissue was correlated with a plastome type via a BamHI CAPS marker (Table 3 ) (B). Marker alleles rrn16-trnI GAU I 3 and -II/III 8 were amplified from plastomes I joh and III tusca and digested with BamHI (lanes 2 and 3). Lane 4 shows a mixture of cleaved I joh and III tusca PCR products. Applying that marker to tissues of F 1 individuals, plastome I joh exclusively correlates with the lutescent phenotype (lanes 5-9) and plastome III tusca with green tissue (lanes 10-14).
greenhouse after plants had broken rosette stage at a height of 40 cm, ensured that the material flowered and set seeds simultaneously with the other strains under study. Without this treatment Oe. grandiflora starts blooming later in autumn and does not complete its generation cycle before winter in the climate of Munich. Alternatively, seeds of Oe. grandiflora were sown in autumn in a greenhouse to achieve shoot formation before winter. During winter the material grew under a natural short-day period. Some of these plants were not transferred to the field later in spring and were kept in the greenhouse until flowering, since seasonal cold interference may inhibit flower induction.
For crossing experiments, immature anthers were removed the day before maturation and flowering. The emasculated flower was guarded and pollinated with the desired pollen of the male crossing mate during the following day and guarded again. Pollination was repeated the next day. Seeds were harvested $6 weeks after pollination and dried at room temperature. No dormancy is needed for propagating the next generation. Dry seeds can be stored at À20°for decades. Without freezing, seeds lose their ability to germinate after $4 years.
To determine the plastome type of a flower bud, leaf material of three successive bracts on a stem was pooled and used for DNA isolation. Oenothera bracts are arranged in orthostiches with an angle of 120°around the stem. Pooling material ensures the recognition of stems carrying two different plastome types.
Determination of chromosome configurations: Inflorescences of appropriate age were collected from several plants of each genotype, fixed with acetic acid/ethanol (3: 1), and stored at À20°. The anther loculi were gently squeezed in a drop of 45% acetic acid under a cover slip. After freezing in dry ice, cover glasses were removed. The preparations were air dried and mounted in a drop of 49,6-diamidino-2-phenyloindole (DAPI) staining solution (2 mg/ml; dissolved in a mixture of glycerol:McIlvaine buffer, 1:2). Images were taken with a Zeiss epifluorescence microscope equipped with a cooled CCD monochrome camera. For digital arrangement of meiotic configurations in one focal plane, five to seven frames were captured. The frames were stacked and combined applying the Combine ZM software (http:/ /www.hadleyweb. pwp.blueyonder.co.uk).
DNA isolation: Total DNA was isolated from green leaf material using the DNeasy plant mini kit (Qiagen, Hilden, Germany) according to the manufacturer's protocol with minor modifications: Approximately 50-100 mg of plant material (fresh weight) was homogenized. To 400 ml AP1 buffer, supplied by the manufacturer, 4.0 ml of 10% polyvinylpyrrolidone 10,000 and 0.4 ml 1 m sodium ascorbate solution were added. To increase yield, DNA was eluted twice from the DNeasy Mini Spin Column with 50 ml provided by AE buffer. Yields were in a range of 100 ng DNA/ml but decreased with age of the material.
PCR reaction and product sequencing: PCR was performed using standard protocols. When Oenothera DNA was used as a template, the initial denaturation time was prolonged to 5 min. Single PCR products, derived from homozygous Oenothera strains, were directly sequenced after cleaning with QIAquick PCR Purification kit (Qiagen). Nucleotide sequences were determined with an ABI 377 robot (Applied Biosystems, Foster City, CA). Cycling reactions were performed using DYE ET Terminator Cycle Sequencing kit (Amersham Biosciences, Uppsala, Sweden) and cycling conditions recommended by the supplier.
If a genomic locus is amplified in a permanent translocation heterozygote, usually two bands, originating in the a-and b-complexes, respectively, are derived from the same primer pair. Both bands were cloned individually with the pGEM-T Easy Vector system (Promega, Mannheim, Germany) according to the supplier's manual. For sequencing analysis the primer pairs T7for (59-TAATACGACTCACTATAGGG-39) and SP6rev (59-ATTTAGGTGACACTATAGAAT-39) were used. Several independent clones of the same PCR product were sequenced.
Design and analysis of SSLP and CAPS markers: Distinct ESTs were chosen to generate PCR-based markers as described previously (Mráček et al. 2006) . CAPS markers were designed using the software SNP2CAPS (Thiel et al. 2004) . The PCR products used for genotyping were digested with appropriate restriction endonucleases supplied by Fermentas International (Burlington, Ontario, Canada) or New England Biolabs (Ipswich, MA) according to the manufacturer's protocol and analyzed on 2-3% agarose gels.
Design and application of AFLP markers: AFLP genotyping is a PCR-based approach that involves restriction of genomic DNA, followed by ligation of adapters to the fragments generated and selective PCR amplification of a subset of these fragments (Vos et al. 1995) . AFLP genotyping was optimized by selection of appropriate enzymes, primer lengths, and PCR reagents, which are crucial for generating banding patterns with detectable polymorphisms (Ridout and Donini 1999) . The restriction enzymes SacI and MseI and appropriate primer combinations, which gave a high number of polymorphic bands, were chosen for analyzing genetic diversity. AFLP analysis was performed essentially as described (Peters et al. 2001) , except that a fluorescence-based approach was used (Huang and Sun 1999) . In brief, in the first reaction, restriction and ligation to MseI and SacI adapters took place simultaneously. The assays contained 100-300 ng DNA, 20 nmol ATP, 2.5 units MseI, 5 units SacI with 13 buffer, 15 mg bovine serum albumin, 1.2 Weiss units T4 DNA ligase (Qiagen), 50 pmol of MseI adapter, and 5 pmol of SacI adapter in a total volume of 20 ml. They were incubated at 37°for 3 hr (AFLP reaction I). For the first PCR amplification cycle (AFLP reaction II) 4 ml of a 10-fold diluted AFLP reaction I with 10 mm Tris-HCl and 0.1 mm EDTA, pH 8.0 (0.1 TE buffer) was used. AFLP reaction II mixtures were amplified in 20 ml using standard PCR conditions and SacI and MseI primers, each containing one additional selective base (SacI 1 1, MseI 1 1). AFLP reaction II's were conducted as follows: 20 sec at 94°, followed by 20 cycles of 30 sec at 56°and 2 min at 72°. They were terminated by incubation at 60°for 30 min. The products obtained were diluted 10-fold with 0.1 TE buffer. In a second amplification cycle (AFLP reactions III) AFLP fragments were labeled using the selective primers SacI 1 2 labeled with the fluorescent dyes 6-FAM (6-carboxy-fluorescein) or Joe (2,7-dimethoxy-4,5-dichloro-6-carboxy-fluorescein). For PCR, 4 ml of diluted AFLP reaction II, 0.1 mm SacI 1 2 primer, and 0.25 mm MseI 1 3 primer were used. Selective primers are listed in supplemental Table 2 . The reactions were as follows: incubation at 94°for 2 min and then 10 cycles of 20 sec at 94°and 30 sec at 66°. The annealing temperature was decreased by 1°/cycle. The reactions were completed with an incubation at 72°for 2 min. In a subsequent step, repeated 20 times, the assays were incubated for 20 sec at 94°, 30 sec at 56°, and 2 min at 72°, followed by a final incubation at 60°for 30 min. All primer combinations used for AFLP analyses are listed in supplemental Table 3 . AFLP products were mixed with an equal volume (1 ml) formamide dye (80% formamide, 10 mg/ml dextran blue, 5 mm EDTA) and 0.15 ml of GENESCAN-500 ROX (carboxy-X-rhodamine) internal lane standard (Applied Biosystems).
Mixtures were heated at 80°-90°for 2 min and subsequently kept at 4°prior to loading. To visualize the DNA fingerprints, fragments were separated in a 5% denaturing polyacrylamide gel on an ABI Prism 377 DNA automated sequencer (Applied Biosystems). The gel was prepared using Long Ranger gel solution (50% stock solution) (Cambrex, Rockland, ME). The MATRIX file was generated with the dyes 6-FAM, ROX, NED, and Joe (MWG Biotech, Munich, Germany). Gel images were captured by GeneScan software (Applied Biosystems). The amplified fragments were recognized by fluorescence laser scanning. Nomenclature used for primer combinations and markers was similar to Peters et al. (2001) . The first two letters represent restriction enzymes, the next three numbers the distinct IDs for primer combinations, and the final number the size of a given AFLP maker.
Calculation of genetic linkage: Logarithm of odds (LOD) scores and genetic linkage were calculated with the Kosambi function, using the Joinmap program (van Ooijen and Voorrips 2001).
RESULTS
Genomewide suppression of homologous recombination: To date, rearrangements of Renner complexes, plastid exchanges as well as repression of both homologous recombination and free segregation of chromosomes due to a meiotic ring formation in Oenothera strains, have been characterized indirectly and exclusively by cytological analysis in combination with formal genetics on the basis of only a few phenotypic markers (Cleland 1972; Stubbe 1989; Harte 1994; Stubbe and Steiner 1999) . Molecular proof for these findings was lacking.
To verify the theory and to estimate the quality of an interspecific plastid exchange between Oenothera species, we compared the natural strain Oe. elata subsp. hookeri strain johansen, which is associated with plastome I ( johansen I johansen complexes differed by only 0.14%. In general, genetic variation between strains of Oenothera subspecies is in the range of 10%; variation between species or basic nuclear genotypes is substantially higher (Rauwolf 2008 The data corroborate and extend Oenothera genetics, postulating that in ring-forming hybrids individual Renner complexes, i.e., entire haploid genomes, behave as a single coupling group. Free segregation of chromosomes is suppressed by the meiotic ring and if recombination occurs as a rare event, it is restricted to telomeric ends (Cleland 1972, pp. 113-122) . Direct molecular evidence for this finding will be presented below. Furthermore, the genomewide sheltering from exchange of genetic material in the nucleus provides an advantageous genetic situation for exchanges of plastids between Oenothera species.
Genotyping Renner complexes: If Renner complexes behave as single linkage groups in complete permanent translocation heterozygous combinations, in principle only a single marker should be needed to follow up the fate of a particular complex in crossing programs. The SSLP marker M40 was considered to be a suitable choice for genotyping a large variety of Renner complexes. It was derived from the EST cluster C_1231-11-B04 of Oe. elata subsp. hookeri strain hookeri de Vries (Mráček et al. 2006) and encodes a chloroplast-located sedoheptulosebisphosphatase, and its gene is interrupted by two variant intervening sequences. Genomic M40 alleles known so far are intron spanning and highly polymorphic between the A genome (Table 2 ). All marker regions mentioned were analyzed by sequencing. The sequences are deposited in GenBank (Table 2) . In all Renner complexes investigated, the marker allele M40 displays two introns. In general, they contain length polymorphisms resulting in eight SSLPs among the 29 Renner complexes investigated. At least one specific SSLP was found for each of the three basic nuclear genome types A, B, and C. PCR products converted into CAPS markers allow discrimination of single genotypes on 2-3% agarose gels ( Table 2) .
Genotyping of basic plastome types and their subplastomes: To verify interspecific plastome exchanges, plastome-specific markers are required. For this purpose, the plastid rrn16-trnI GAU spacer region was investigated from 42 Oenothera strains. A high degree of polymorphism in this region was reported for a limited number of strains (Hornung et al. 1996; Sears et al. 1996) . Amplification with the primer pairs 16S SEQ (1) (59-CTTGTACAC ACCGCCCGTCACACT-39) and trnI PCR (1) (59-CCAGGCACAACGACGCAATTATCA-39) and sequence analysis of the PCR products derived uncovered a BamHI restriction polymorphism in the rrn16-trnI GAU spacer. Within subsection Oenothera, 17 different BamHI restriction patterns could be detected, of which 13 could readily be distinguished on 2% agarose gels (supplemental Figure 2 and Table 3 ). The marker alleles rrn16-trnI GAU I 1 and rrn16-trnI GAU I 2 of strains chapultepec, cholula, puebla, or toluca cannot be discerned via a BamHI, but rather by BsmBI digestion (rrn16-trnI GAU I 1 : 619 bp, 261 bp and rrn16-trnI GAU I 2 : 870 bp). For all five basic plastomes at least one spe- cific allele was detected (Table 3 ). The patterns of subplastome variation obtained reflect both phylogenetic relationships between the chosen strains and the basic plastome types (see discussion).
New combinations of genetic compartments: To demonstrate potential and applicability of the marker systems described above, two incompatible plastomegenome combinations, AB-I and BB-II, as well as a genetically compatible one (AB-III) were established in crossing experiments.
With appropriate parental lines, the production of heterozygous interspecific plastome-genome incompatible hybrids, such as AB-I, may be rather easy. Many of them arise already in the F 1 generation. The homozygotes Oe. elata subsp. hookeri strain johansen (AA-I; , respectively, can be derived directly from a cross of both parental species. Compatible and incompatible tissue usually segregates on the same individual. The segregation of plastomes was checked by the PCR polymorphism described above and found to be consistent with the expected compatible or incompatible phenotypes, respectively (Figure 4) .
A different strategy was chosen to produce the incompatible combination BB-II. In contrast to AB-I, which requires only a single cross, generation of BB-II demands a relatively complex crossing program because a foreign plastid has to be incorporated into a homozygous nuclear background, as will be explained subsequently. The possibility of such plastid exchanges is unique to Oenothera genetics.
The first crossing mate, strain suaveolens Grado of Oe. biennis (AB-II), is a complete permanent translocation heterozygote and its Renner complexes Table  4 , second row). The complex is inherited biparentally and lacks gametophytic or sporophytic lethal factors. Figure 6 presents the crossing scheme to exchange plastomes between these two species. With Oe. biennis strain suaveolens Grado as female parent and Oe. grandiflora strain tuscaloosa as pollen donor, the F 1 generation obtained is not uniform. Two egg cells, differing in their genetic constitution, G albicans or G flavens, are produced by suaveolens Grado. Each of them can be The corresponding Oenothera strains and species are listed in supplemental Table 1 . Figure 7C ). In the outlined crossing program, two basic genome combinations (AB and BB) and two basic plastome types (II and III) have to be distinguished. The nuclear genotypes can be discerned and separated phenotypically. Figure 7A shows the leaf shape of the hybrid G albicansÁ h tuscaloosa (AB). It is easily distinguishable from a BB leaf of strain tuscaloosa ( (Figure 7 , B and C). The molecular marker is consistent with this assignment. Lane 1 in Figure 7D shows that Table 2 . Thus, the progeny in the splitting generations . In this case phenotypic discrimination is not possible, since plastids with plastome types II or III are both green in an AB nuclear background (Stubbe 1989) . With the plastidic CAPS marker, plastome identity of a flower bud can be checked as illustrated in Figure 7D , lines 3 (BamHI digest of the rrn16-trnI GAU allele II/III 1 for plastome II suavG ) and 4 (BamHI digest of the rrn16-trnI GAU allele II/III 8 for plastome III tusca ). The marker system is also suitable for verifying the genetic identity of the incompatible combination BB-II, which differs phenotypically from its compatible counterpart BB-III by a yellow-green leaf phenotype (lutescent) (Figure 7 , B and C).
Generation and assignment of nuclear co-dominant markers to the molecular Oenothera map: PCR-based, co-dominant markers for the Renner complexes h johansen h hookeri de Vries, h tuscaloosa, and h bellamy A were generated using clones of the Oenothera EST library as templates (Mráček 2005; Mráček et al. 2006; supplemental Table 4) . In this study their number was increased and many of them were assigned to the molecular Oenothera map generated for the haplo-complexes h johansenÁ h tuscaloosa Figure 6 .-Crossing scheme to exchange plastome III of Oe. grandiflora strain tuscaloosa with plastome II of Oe. biennis strain suaveolens Grado. For a detailed description, see text. (Table 4 ). Both Renner complexes share the same chromosomal formula. Their hybrid displays seven bivalents in diakinesis and all chromosomes are lethal free. Therefore, the chromosomes are not in linkage disequilibrium to each other and the seven linkage groups found in h johansenÁ h tuscaloosa represent the seven chromosomes of the classical Oenothera map, namely 1Á2 3Á4 5Á6 7Á10 9Á8 11Á12 13Á14. The molecular Oenothera map, predominantly based on AFLP markers, will be published in a subsequent communication. However, classical and molecular maps remain to be integrated.
Correlation of the classical and molecular Oenothera maps: Classical Oenothera maps are based on the segmental arrangements of chromosome arms and their relative locations to each other (Figure 1 ). Chromosomal arrangements or formulas are available for .300 Oenothera strains (Stubbe and Diers 1958; Linder and Jean 1969; Cleland 1972; Jean and Linder 1979; Stubbe 1984, 1986; Wasmund and Stubbe 1986; Wasmund 1980 Wasmund , 1990 Schumacher et al. 1992; Schumacher and Steiner 1993) and phenotypic characters were assigned to individual chromosome arms. The extension of the classical map with molecular markers is clearly one of the most important future steps in Oenothera research and breeding programs. It allows immediate and comprehensive genetic identity of a variety of strains.
To address this question, in a case study an attempt was made to combine methods of molecular and classical Oenothera genetics. Since chromosomes of the classical map can be identified only by their genetic behavior, an appropriate cross was chosen to distinguish chromosome 9Á8 from the rest of the genome by segregation analysis.
A cross of strains suaveolens Standard ( Cleland (1972, p. 110 ) that the phenotypic marker pil, located on chromosome arm 8 of St albicans, is homozygous lethal obviously arose from a misinterpretation of Renner's sometimes complex German (Renner 1942 ).]
The presence of two linkage groups can be monitored with molecular markers. The large linkage group, con- 
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See Table 2 M40for accgtctcctccaagcactgc C_1231-11-B04
M40rev tcagccctttgtccgaagtcg tuscaloosa genotypes could be detected in the expected ratio of $50% (Figure 8) . A second, freely segregating coupling group detected with marker M58 was confirmed with a LOD .10. All allelic combinations (M58-A 1 /M58-A 1 , M58-A 1 /M58-B 1 , and M58-B 1 /M58-B 1 ) were found in this linkage group. Since M58 is part of linkage group 7, these data therefore assign linkage group 7 to chromosome 9Á8 (Table 4 and supplemental Table 5 ). This finding opens the intriguing possibility in Oenothera genetics of identifying all individual chromosomes (see discussion). Plants genotyped in F 2 as h tuscaloosaÁ h tuscaloosa M58-A 1 / M58-A 1 represent an interspecific chromosome exchange. Furthermore, the strong linkage of M19, M40, M41, M46, M47, M50, and M74, representing six chromosomes in a ring of 12, provides the first direct molecular evidence for the suppression of homologous recombination and free segregation through meiotic rings in Oenothera.
M41-A1

DISCUSSION
Benefit of co-dominant markers to Oenothera breeding: Molecular co-dominant markers are of intrinsic interest for breeding programs; however, in Oenothera research they were largely missing (Mráček et al. 2006; Larson et al. 2008) . They are important for various lines of research, such as in investigations of plastome-genome incompatible hybrids, genome divergence and patterns, and mapping of speciation relevant loci for commercial interests or breeding programs. Until now, neither basic nor subplastome types could be distinguished without performing extensive restriction fragment length polymorphism (RFLP) analyses (Herrmann et al. 1980; Gordon et al. 1981 Gordon et al. , 1982 Chapman et al. 1999) , and in interspecific plastome exchanges different plastome types were marked with bleached plastome mutants (Stubbe 1960 (Stubbe , 1989 supplemental Figure 1 ). Time-consuming crossing steps were required to establish or remove these mutant plastomes (Stubbe 1960 (Stubbe , 1989 . The rrn16-trnI GAU marker allele (Table 3) allows an easy monitoring of all basic plastome types and a large number of subplastomes. It renders the use of plastome mutants dispensable and reduces the number of crosses significantly.
Substantial progress was also made in identifying nuclear genomes, e.g., with the marker allele M40 (Table  2) . Crosses involving ring-forming hybrids can now be monitored for all basic Oenothera genotypes and a large number of Renner complexes. A major advantage here is the possibility to screen splitting generations for different Renner complex combinations already at the seedling stage and by a single PCR. To date, only mature plants could be checked using phenotypic markers. The advantages of molecular approaches are obvious, especially for annual herbs, such as Oenothera.
Co-dominant markers listed in Table 4 , when applied to Oenothera genomes, indicate that already minor nucleotide changes are appropriate for generating CAPS markers from almost all genes studied ($60% at an average of only 300 bp). Of 34 markers studied, 22 could be mapped to the seven coupling groups of the hybrid h johansenÁ h tuscaloosa, representing chromosomes 1Á2 3Á4 5Á6 7Á10 9Á8 11Á12 13Á14 of the classical Oenothera map illustrating that the Oenothera EST library (Mráček et al. 2006 ) is a rich source for PCR-based markers. Furthermore, with appropriate genetic lines and the nuclear marker M58 in a pilot study it was possible to assign chromosome 9Á8 to linkage group 7 of the molecular linkage map. For the first time this offers the possibility of combining data from a century of classical genetic research on Oenothera genomes with modern molecular approaches and of integrating classical and molecular Oenothera maps completely.
The classical maps allow predicting the segregation pattern in superlinkage groups involving single or multiple chromosomes (Cleland 1972, pp. 43-64) . They allow a directed exchange of single or multiple chromosome pairs between genomes at the diploid level. Single chromosome pairs can be specifically placed in a breed without disturbing the combination of characters located in the remaining genome (Figure 8 ). This strategy can be applied, for example, to study the impact of individual linkage groups on the genome and/or plastome evolution in Oenothera but also to introduce single chromosomes with desired traits into commercial cultivars. This approach has been neglected in professional Oenothera breeding programs (Fieldsend 2007) since monitoring of such crosses is realizable only with phenotypic markers, which is inherently difficult in general. Furthermore, some chromosomes in various strains lack phenotypic markers, rendering an analysis of their segregation without molecular approaches impossible (Cleland 1972, pp. 109-111) . Therefore, molecular markers assigned to the classical Oenothera map provide immediate access to (i) various phenotypic markers or other loci located on that map and (ii) to 300 strains for which the chromosomal formulas are known (Stubbe and Diers 1958; Linder and Jean 1969; Cleland 1972; Jean and Linder 1979; Stubbe 1984, 1986; Wasmund and Stubbe 1986; Wasmund 1980 Wasmund , 1990 Schumacher et al. 1992; Schumacher and Steiner 1993) .
In summary, the markers described in this work represent significant progress in Oenothera genetics. They allow a precise and easy molecular identification of plastomes, Renner complexes, and individual nuclear chromosomes or chromosome arms (see below) in crossing programs. Presumably, they will also have an impact on commercial Oenothera breeding.
Alignment of classical and molecular Oenothera maps: None of the nuclear molecular markers described so far had been assigned to the classical Oenothera map. Assigning linkage group 7 to chromosome 9Á8 is therefore a milestone for future breeding. The same strategy can be applied to all other chromosome pairs. The prerequisite for such an approach-hybrids of h johansen or h tuscaloosa with various Renner complexes having one of the seven chromosomes as a free, individual pair-is available for all seven chromosomes.
For example, the hybrid St laxansÁ h tuscaloosa possesses the chromosome configuration 14, 14, 14, 1 pair. In this case, chromosome 1Á2 is the only bivalent (1 pair). Segregation analysis with molecular markers in the F 2 generation should display four coupling groups, three consisting of four chromosomes each (14), and one with a single chromosome, identical to chromosome 1Á2. The same principle allows assignment of all further chromosomes using, e.g., the hybrids The strategy can readily be applied to all other chromosome arms. For example, with the hybrid h cholulaÁ St percurvans, having 6Á8 as a free pair, arms 5, 6, 8, and 9 can be identified. The rich source of Oenothera strains analyzed allows determining all remaining chromosome arms.
Phylogenetic pattern of the plastid rrn16-trnI GAU marker allele: The rrn16-trnI GAU spacer region used as a marker allele for the identification of basic and subplastome types in crossing experiments can also serve to monitor gene flow and recent hybridizing events within subsection Oenothera. The marker may be an indicator of how much subplastome variation exists within the subsection, without performing laborious RFLP analysis of the entire plastid chromosome (Herrmann et al. 1980) . Knowledge of the degree of variation is indispensable to correlate differences between five sequenced reference plastomes (Greiner et al. 2008a ) with speciation or prespeciation events. Although the phylogenetic significance of the rrn16-trnI GAU spacer region may be limited, since short direct repeats, synapomorphies, and parallel changes are common in this region (Hornung et al. 1996; Sears et al. 1996) , some inferences may be drawn: In both species with plastome IV, Oe. oakesiana and Oe. parviflora, only a single marker allele (rrn16-trnI GAU IV 1 ) was detected in four strains. Also, alleles rrn16-trnI GAU V 1 and V 2 present in three strains of Oe. argillicola were identical, disregarding a single-base-pair polymorphism. For plastome I, the closely related strains of Oe. elata subsp. elata (chapultepec, cholula, puebla, and toluca) possess two highly similar alleles, rrn16-trnI GAU I 1 and -I 2 , which differ in only a small deletion. In Oe. elata subsp. hookeri, in turn, two alleles were found in four different strains. Strain bauri Standard of Oe. villosa subsp. villosa displayed a distinct allele as well. Taken together, the alleles described are specific for the basic plastomes I, IV, or V and appear to represent unequivocal genetic markers for these plastome types (Table 3) .
The data also confirm tendencies of subplastome evolution. The single allele of plastome IV in Oe. oakesiana and Oe. parviflora indicates that plastome IV of these two species is monophyletic and probably arose from a hypothetical ancestor with the genomic constitution CC-IV (Dietrich et al. 1997 ). In the AA-I clade, Oe. elata subsp. elata, Oe. elata subsp. hookeri, and Oe. villosa subsp. villosa were proposed to represent different evolutionary lineages (Dietrich et al. 1997 ), a fact supported by distinct rrn16-trnI GAU marker alleles. It would be particularly interesting to see whether subplastome patterns reflect solely mechanistic imprecision of DNA replication or repair with no phylogenetic relevance or correlate in part with prespeciation processes, e.g., geographic trends and genetic drifts of subpopulations in species with floating chromosome formulas, which in several instances are known in continental dimension (Cleland 1972, pp. 227-298) .
The situation is quite different for plastomes II and III, found in Oe. biennis, Oe. glazioviana, Oe. grandiflora, and Oe. nutans. No specific alleles that are related to the genetic behavior of their plastomes were detected (Table  3) . Allele rrn16-trnI GAU II/III 3 was found in plastomes II or III of Oe. biennis (AB-II or BA-III), Oe. grandiflora (BB-III), and Oe. nutans (BB-III). Allele rrn16-trnI GAU II/III 1 is not characteristic for plastome type II since it was also found in the strain castleberry B-8 of Oe. grandiflora (BB-III). These data indicate gene flow between the four species. Variation among plastomes II and III appears to be more widely spread than between other plastome types, since nine different plastome II/III alleles were found. Alleles rrn16-trnI GAU II/III 1 and -II/III 3 probably reflect two major patterns for both plastome II and plastome III. So far, alleles rrn16-trnI GAU II/III 4 -II/III 8 were found to be specific for single strains (Table 3) .
